Abstract: DNA vaccine encoding tumor associated antigens (TAAs) is an attractive strategy for tumor vaccine development. But its efficacy to induce efficient anti-tumor immunity needs to be improved. In this study, we combined immunization with such a plasmid at the ear pinna site (i.e.) with co-immunization with another plasmid (pHN) encoding the Hemaglutinin-Neuraminidase (HN) protein of the NDV virus at a subcutaneous site. We first tested a prophylactic immunization protocol followed by subcutaneous challenge with the ESb-lacZ lymphoma expressing the -galactosidase protein as a surrogate tumor antigen. While i.e. vaccination with the placZ plasmid reduced tumor growth, the additional s.c. immunization with the pHN plasmid further improved this effect. We next tested a therapeutic tumor model based on the mammary carcinoma DA3-hEpCAM expressing the human EpCAM molecule. Efficient reduction of tumor growth was achieved by immunization of tumor-bearing mice with DNA plasmids encoding the human EpCAM gene only when it was combined with s.c. application of the pHN plasmid. A significantly better cross-protection against a second challenge with the parental DA3 tumor cells was only observed when mice were initially co-immunized with both plasmids.
INTRODUCTION
Anti-tumor DNA vaccination has been successful in eliciting tumor antigen-specific CTL responses in a certain proportion of immunized patients. However, this response is often not accompanied by a clinical response [1] . Over the last 10 years, we developed a personalized tumor vaccine which shows clinical efficacy in terms of patient´s survival. This tumor vaccine, designated ATV-NDV for Autologous Tumor Vaccine modified by infection with Newcastle Disease Virus (NDV) is obtained by isolation, short term culture in vitro, irradiation and virus infection of patients' tumor cells by the lentogenic strain Ulster. Its clinical evaluation through a dozen of phase II studies with different tumor entities showed safety and clinical benefit for various cancer entities [2, for a recent review, see 3]. Significant improvement of patient survival was reported for instance for patients with breast cancer upon post-operative anti-tumor vaccination with ATV-NDV vaccine [4] . This was true also for very aggressive tumors refractory to standard treatments, such as glioblastoma and head and neck squamous cell carcinoma [5, 6] . Recently, results of a randomized clinical study *Address correspondence to these authors at the German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, 69120 Heidelberg, Germany; Tel: ++49 6221 29540; E-mails: V.Schirrmacher@dkfz.de, P.fournier1@yahoo.de in colon cancer patients confirmed the effectiveness of the ATV-NDV vaccine in terms of long-term survival [7] . These results place this strategy of anti-tumor vaccination at a good ranking when compared to other randomized studies of antitumor vaccination [8] .
One reason for the success of this vaccine appears to be the special properties of the avian virus NDV. It replicates selectively in tumor cells [9] and introduces into the tumor cells of the vaccine danger signals which are important for inducing/enhancing anti-tumor immune responses. Moreover, this virus shows a high safety profile since it does not replicate in normal cells due to their strong interferon response [10] .
The first observation of anti-tumor effects with this type of vaccine were made in mouse tumor models and reported by us as early as 1986 [11] . Postoperative active-specific immunotherapy (ASI) with virus modified murine ESb lymphoma cells protected about 50% of mice from metastases [11] . Such protection was not obtained when the tumor vaccine was not modified by infection with NDV [11] . Protective anti-tumor immunity in the ESb lymphoma model was highly specific for the autologous tumor line [11] . Our studies performed over the last years show that the antineoplastic and immune-stimulatory properties of the ATV-NDV tumor vaccine are linked to its capacity to induce interferon-(IFN-). This key molecule is induced primarily by viral double-stranded RNA during NDV replication within the cytoplasm of the infected cells but also by the viral HN molecule [12, 13] which is a 74-kDa membrane type II glycoprotein protruding from the viral envelope or from the membrane of infected cells [14, 15] . This molecule expresses on its extracellular domain both hemagglutinin (HA) and neuraminidase (NA) activities and plays a key role in mediating the attachment of the virus to host cell receptors containing terminal sialic acid residues. Due to its agglutinating properties, the HN molecule was shown also to facilitate the contact and attachment between infected cells and other cells such as immune cells, thereby inducing co-stimulatory activities [16] .
In this study, we attempted to use the viral protein HN as an adjuvant to enhance the anti-tumoral immune response. To this end, we constructed a plasmid DNA encoding this protein under the control of the CMV promoter (pHN). We tested this plasmid in different mouse tumor models by combining its subcutaneous application with an immunization at the ear pinna with a DNA vaccine encoding a tumor antigen. We observed, in prophylactic and therapeutic immunization settings, that co-immunization of DNA vaccine with pHN led to the development of smaller tumors in mice. These observations show that, in anti-tumor vaccination protocols, s.c. application of DNA encoding the viral protein HN of NDV can be combined with intra pinna application of DNA expressing the tumor associated antigen for combating tumor growth.
MATERIALS AND METHODS

Mice and Cell Lines
Female Balb/c and DBA/2 mice were purchased from Charles River WIGA (Sulzfeld, Germany) and used at 6-8 weeks of age. Baby hamster kidney (BHK) cells (BHK-21) was cultured as described in [17] . The other cell lines ESblacZ, DA3 and DA3-hEpCAM were cultured as described in [17] . The XS106 cell line was kindly provided by Professor Takachima (University of Texas, USA) and used as a negative control for X-gal staining. Recombinant IFN-4 was kindly provided by Dr Rainer Zawatzky (DKFZ, Heidelberg, Germany). X-gal staining of ESb-lacZ cells was done in 24-well plate followed strategies described in [18] .
DNA and Immunisations
The HN gene from NDV Ulster was amplified by PCR using the plasmid PBKTSFV-HN [12] as the template and the 2 following primers gCTCAgCCCCTTATggCCAgCTgg CAgCgTAA and gTTTAAACAACATg gACCgCgCAgTTAgCC. It was then cloned into the pTandem1 plasmid (Novagen, Darmstadt, Germany, named here pVector) to obtain the pHN vector (Fig. 1A) . The pCMV SPORT--gal (betagalactosidase) vector (Invitrogen, Karlsruhe, Germany) (named here placZ) and the vector encoding the human Ep-CAM under the control of the CMV promoter (named phEpCAM in this study, constructed as that described in [17] ) were used for immunizations. DNA immunization was performed as described in [19] .
Antibodies, Flow Cytometry and ELISA
Anti-NDV-HN antibody (HN.B, see [12] ) was purified by Annette Arnold (DKFZ). Anti-mouse EpCAM (G8.8) and human EpCAM (HEA125) were gifted by Dr. Gerhard Moldenhauer (DKFZ). Other antibodies are anti-H-2D d (34-2-12, BD Pharmingen, Heidelberg, Germany), the second antibody Goat anti-mouse IgM+G+A (SouthernBiotech, Eching, Germany) and Goat anti-rat IgG (R&D Systems, Wiesbaden-Nordenstadt, Germany). BHK21 cells were transfected with pHN by jetPEI reagent (PolyPlus, Illkirch, France). HN expression on the cell surface was analyzed by flow cytometry with a FACSCalibur (BD Pharmingen, Heidelberg, Germany). Mouse TGF-was quantified using the Duo Set ELISA Development kit (R&D Systems, Wiesbaden-Nordenstadt, Germany) according to the manufacturer's instructions.
Tumor Models
Prophylactic ESb-lacZ tumor model: DBA/2 mice were immunized twice with 50 μg/50 μL plasmid intradermally at the ear pinna (i.e.) respecting a two-week interval. After 10 days, 2x10 5 ESb-lacZ cells were injected s.c. to the flank. Therapeutic DA3-hEpCAM tumor model: Balb/c mice were inoculated s.c. in the flank with 1x10 7 DA3-hEpCAM tumor cells. The plasmids were immunized after 7 days and then every week for 4 times. Re-challenge of DA3 cells were applied at day 59. For both models, tumor growth was followed by palpation over time after tumor inoculation.
Statistics
The statistical significance of results from experimental groups in comparison to control groups was determined by the Student's t test if not specified otherwise. All tests were two-tailed and p<0.05 was considered to be statistically significant.
RESULTS
Reduced Tumor Growth Induced by Prophylactic CoImmunization with a Plasmid Encoding the HN Protein
To investigate if vaccination with a DNA vaccine encoding the viral protein HN can improve anti-tumor DNA vaccination effects, we cloned the HN gene into a plasmid DNA under the control of the CMV promoter to obtain the plasmid pHN (Fig. 1A) . Transfection of this plasmid into BHK21 cells induced a strong surface expression of the HN protein (Fig. 1B) . We first used a prophylactic immunization protocol based on the lacZ gene coding for beta-galactosidase ( -gal) protein as a surrogate tumor antigen. The ESb-lacZ lymphoma cell line was generated after stable transfection of a plasmid encoding the lacZ gene [19] . These cells expressed high levels of the -gal protein as observed by X-gal staining ( Fig. 2A) . There was no unspecific X-gal staining of a lacZ negative control cell line (XS106). The DNA plasmid encoding the lacZ gene (placZ) was injected intradermally into the ear pinna (i.e.) of DBA/2 mice. To avoid interference between the different plasmids, pHN DNA was applied subcutaneously (s.c.) into to the flank of the mice as shown in Fig.  (2B) . The plasmids were applied 2 times by respecting a 2-week interval between each immunization. Ten days after the second immunization, the mice were challenged by s.c. application of ESb-lacZ cells. Tumor growth was followed for 20 days (afterwards some mice were euthanized when the tumor diameters reached 2 cm). The tumor size and tumor weight at day 20 from individual mice are shown in Fig. (2C). Both parameters were significantly reduced by lacZ gene immunization compared to the control vector (pVector) immunization. Very interestingly, co-immunization with pHN DNA induced a stronger retardation of the tumor growth, suggesting a significantly higher anti-tumor activity when compared to immunization with placZ alone. Mice coimmunized with the control vector showed no significant differences of tumor size when compared to mice immunized with the placZ plasmid alone. This shows that the reduced tumor growth observed upon pHN immunization is due to the HN expression and not to effects of the plasmid backbone. We conclude that co-immunization with DNA encoding the HN protein improves prophylactic DNA vaccination targeting -gal as a surrogate tumor antigen in the ESb-lacZ tumor model. 
Reduced Tumor Growth and Reduced Systemic TGFLevels by Therapeutic Co-Immunization with a Plasmid Encoding the HN Protein
We next investigated if similar effects on tumor growth could be observed when pHN was applied for therapeutic immunization. To this objective, we developed a tumor model in Balb/c mice based on the use of a syngeneic mammary carcinoma cell line DA3 and its transfectant DA3-hEpCAM expressing the human EpCAM tumor antigen. Flow cytometry analysis revealed that DA3 cells show high expression of the mouse EpCAM protein on their cell surface (Fig. 3A) . The stable transfectant DA3-hEpCAM cells show, in addition to the mouse EpCAM (data not shown), high expression of the human EpCAM molecule (Fig. 3A) . The DA3 tumor cell line expresses low levels of MHC class I molecules (here we stained H2-D d ) while the DA3-hEpCAM cell line expresses these molecules to a slightly higher level. The expression of H2-D d molecules by both cell lines could become up-regulated by IFN-treatment in a dosedependent way (Fig. 3B) . The mean staining intensity was increased 30 times and 17 times, respectively for the DA3 and DA3-hEpCAM cell lines when treated with 1000 IU/mL IFN-(as shown in Fig. (3C) ). Mice injected s.c.
with DA3-hEpCAM cells developed tumors of 8-10 mm diameter within 1 week. Therapeutic vaccinations were then started and repeated 4 times at weekly intervals (Fig. 4A) . As before, the plasmid encoding hEpCAM was given i.e. whereas the pHN vector was injected s.c. (Fig. 4A) . Tumor growth retardation could be observed from day 21 onwards (data not shown). Tumor sizes at day 28 are shown in Fig.  (4B) . Vaccination with phEpCAM alone had no significant effect on the tumor inhibition. Co-immunization with the pVector control plasmid caused a significant (p=0,02) reduction of tumor size. But co-application of pHN led to a further significant (p=0,002) tumor reduction compared to the pVector control (Fig. 4B) . In addition, the levels of TGF-in the sera of the mice treated by application of both plasmids phEpCAM (i.e.) and pHN (s.c.) were significantly lower than in mice treated only with pVector (i.e.) (Fig. 4C) . We conclude that co-injection of the plasmid pHN improves anti-tumor effects of a therapeutic DNA vaccine in the DA3-hEpCAM tumor model.
Reduced Tumor Growth Upon Re-Challenge of CoImmunized Animals with Parental DA3 Tumor Cells
Immunized mice from the experiment in Fig. (4) were rechallenged at day 59 at the contralateral flank with the parental DA3 tumor cells (Fig. 5A ) which express the murine EpCAM. Only the mice which had been treated by coimmunization with phEpCAM and pHN showed a highly significant reduction of the tumor growth two weeks after the re-challenge. No significant tumor retardation was seen in the groups vaccinated with phEpCAM alone or coimmunized with pVector (Fig. 5B) . These data suggest that co-immunization with pHN and phEpCAM not only induces the strongest therapeutic effects against the tumor expressing the xenogeneic target hEpCAM but also causes crossprotection against the parental tumor expressing the murine EpCAM as a self-antigen.
Taken together, our results show that co-administration of the pHN plasmid by the s.c. route augments the anti-tumor effects of anti-tumor DNA vaccines injected into the ear pinna.
DISCUSSION
In the late nineteenth century, Dr. William Coley discovered that cancer patients suffering from bacterial infection showed reduced tumor burden. This observation suggested that immune activation against a pathogen may be beneficial in cancer treatment [20] . Since then, the use of live attenuated and heat killed microorganisms has been explored to generate more efficient anti-tumor immunotherapy. These immuno-enhancers improve specific adaptive immunity mainly through stimulating or modulating the innate immune system. Some strategies have shown beneficial effects for certain cancer entities as for example bladder cancer with Bacille Calmette Guérin (BCG) [21] , although the precise mechanism is unclear. Here we studied the effect on tumor growth in vivo of co-immunization with pHN, a plasmid encoding the well-defined HN protein of NDV, in addition to vaccination with a plasmid encoding a tumor antigen. We observed in mouse models that subcutaneous immunization with pHN improved the effectiveness of a DNA tumor vaccine applied at ear pinna site.
Genetic immunization is a promising approach for effective immunization against a range of antigens. By exploiting the transcription and translation mechanisms of the host, foreign DNA can lead to the endogenous synthesis of one or more antigens that results in the induction of humoral and cellular immune responses [22] . This approach of using DNA plasmids is expected to be applicable also for tumor prevention or therapy. However, due to the low immunogenicity of most tumor antigens and because of the presence of tumor-derived immune suppressive factors in tumor patients, the anti-tumor immune responses induced by DNA vaccination need to be improved, for instance by combining them with immuno-stimulating molecules. HN in this study is used as such a molecule for anti-tumor DNA vaccines. We showed the promising improvement for both prophylactic and therapeutic vaccinations by co-immunization of HNencoding DNA to a different site (s.c. to the flank) to where the TAA encoding DNA was injected (i.e.). In this study, the DNA anti-tumor vaccine was applied to the ear pinna of the mice. This site has been shown previously to be superior to muscle or flank skin for the induction of a strong T cell mediated immune response [23] . The ear pinna microenvironment was found to exert a Th1 polarization effect [24] .
Several studies reported that the immune responses induced by DNA vaccines could be improved significantly by the co-administration of cytokine-encoding plasmids [25, 26] . Nevertheless, novel adjuvants are still to be investigated in order to optimize DNA anti-tumor vaccination. We demonstrate here the efficiency of HN-encoding DNA in augmenting the efficiency of a DNA anti-tumor vaccine. The HN molecule has been shown to stimulate a strong natural IFN-response [12, 13] and it also can provide T cell costimulatory function [16, 27] . In addition, we reported recently that HN serves as a ligand for NKp44 and NKp46 and activates NK cells to produce interferon-, TNF-and to become cytotoxic [28] .
IFN-belongs to type I IFNs and exhibits strong antiviral activity [29] . It can also activate a number of indirect antiviral processes, including natural killer cell activation [30] , up-regulation of antigen cross-presentation [31] and increased antibody production [32] . In addition, IFN-is capable of positively or negatively affecting the generation, terminal differentiation, and function of various DC populations [33, 34] . It mediates the cross-priming of CD8+ T cells by antigen-presenting cells [35] , promotes or blunts type 1 Th cell responses [36] , and stimulates the clonal proliferation and longevity of activated or memory T cells [37] . Therefore, this molecule can be used as an immuno-modulator to enhance the immunogenicity of DNA vaccine. In breast cancer patients, intratumoral levels of IFN-have been correlated to better prognosis [38] . Since NDV-HN protein can induce IFN-production, this could be one of the reasons for the reduced tumor growth observed in our tumor models upon immunization with pHN. In addition, we observed that IFN-could up-regulate the expression of MHC class I on the DA3 and DA3-hEpCAM tumor cells, thereby making them more sensitive to T cell-mediated cytotoxicity. This might help T cell mediated anti-tumor responses.
HN gene co-immunization was also observed in this study to lead to decreased peripheral TGF-levels in tumorbearing mice under therapeutic vaccination. This is important since tumors are known to be able to create a tolerogenic environment, notably through secretion of suppressive cytokines such as TGF-and IL-10 and through enhancing suppressive cell activity including MDSCs, tolerogenic DCs, tumor-associated macrophages and Tregs [39] [40] [41] . Therefore, a lower level of TGF-by pHN immunization mice could also be considered to be correlated with better prognosis.
In conclusion, to understand the inefficiency of DNA vaccines in humans, it is necessary to determine the pathways to generate appropriate signals for immune induction. We described here the use of a DNA sequence encoding the HN protein of NDV as a potent tool to augment the effectivity of anti-tumor DNA vaccines.
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